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BACKGROUND:: Ureteropelvic junction (UPJ) obstruction is the most common cause of congenital hydronephrosis. Normal ureteral motility requires coordinated interaction between neurons, smooth muscle cells (SMCs), and interstitial Cajal-like cells (IC-LCs). Recently, a new type of interstitial cell, platelet-derived growth factor receptor α-positive (PDGFRα + ) cells, was discovered in the gastrointestinal tract and bladder. METHODS: We used immunohistochemistry to study PDGFRα protein distribution in normal human UPJ and congenital UPJ obstruction. Western blot and real-time PCR (RT-PCR) were used to study PDGFRα protein and gene expression levels. In addition, closely associated cells and small conductance Ca 2 + -activated K + (SK) channels were investigated. RESULTS: PDGFRα + cells were distinct from IC-LCs and SMCs and were in close proximity to nerve fibers. PDGFRα + cells expressed SK3 channels, which are thought to mediate purinergic inhibitory neurotransmission in SMCs. The distribution of PDGFRα + cells was similar in UPJ obstruction vs. controls. However, the expression of SK3 channels in PDGFRα + cells was decreased in UPJ obstruction vs. controls. CONCLUSION: This study shows, for the first time, the PDGFRα + cell expression in the human UPJ. Altered SK3 channel expression observed in PDGFRα + cells in UPJ obstruction suggests that the impairment of SK3 activity across the UPJ may perturb upper urinary tract peristalsis in this urological condition. U reteropelvic junction (UPJ) obstruction is the most common cause of congenital hydronephrosis in children occurring in 1 in 1,000-2,000 live births (1) . Although the exact mechanisms of pelviureteral peristalsis are poorly understood, it is known that pacemaker cells regulate the coordinated contraction of the renal pelvis and ureter to propel urine from the kidney to the bladder. The following three types of electrically active cells have been identified in the UPJ: atypical smooth muscle cells (SMCs), typical SMCs, and interstitial Cajal-like cells (IC-LCs) (2) . Failure of transmission of peristaltic waves across the UPJ leads to the accumulation of urine in the kidney and dilatation of the renal pelvis in UPJ obstruction. UPJ obstruction has been classified into extrinsic and intrinsic pathologic abnormalities. Extrinsic obstruction may result from mechanical factors such as aberrant crossing vessels, fibrous band adhesions, or kinks causing angulations or compressions. The nature of the abnormality in the more common intrinsic UPJ obstruction is not fully understood. Previous studies have demonstrated abnormalities in the UPJ including abnormal innervation patterns (3, 4) , hypotrophy/hypertrophy of the smooth muscle in the obstructive segment with muscular derangement, and its replacement with collagen (1), as well as altered expression of IC-LCs (5).
To date, two types of interstitial cells have been described in the upper urinary tract using antibodies against the tyrosine kinase receptor c-kit: c-kit-positive and c-kit-negative interstitial cells. Different research groups have described them as interstitial cells of Cajal (ICCs), ICC-like cells, interstitial Cajal-like cells (IC-LCs), interstitial cells, myofibroblasts, telocytes, and renal interstitial cell (2, 6, 7, 8) . However, there is no general agreement on the nomenclature of these specialized cells. Moreover, although immunolabeling has shown that a complex array of interstitial cells exists within the layers of the UPJ, their structural and molecular expression as well as their functional roles are still largely unknown. Interstitial cells are thought to have a role in the transduction of neural inputs in order to generate electrical activity, which they propagate to SMCs (9) .
A new type of interstitial cells, known as "fibroblast-like cells", has been discovered in the gastrointestinal tract, (10) and more recently in the bladder (11, 12) . These cells have been characterized with an antibody raised against the platelet-derived growth factor receptor alpha (PDGFRα) protein. These novel interstitial cells, PDGFRα-positive (PDGFRα + ) cells, have been shown to be at least part of what have been previously known as the c-kit-negative ICLCs (9) . In the gastrointestinal tract, PDGFRα + cells have been found to be located adjacent to c-kit-positive ICCs and close to enteric nerves and SMCs, suggesting a role for these cells in neurotransmission and neuromodulation (10) . Studies in the bladder and gastrointestinal tract have further shown that PDGFRα + cells express small conductance Ca 2+ -activated K + (SK) channels (13, 14) . Although SK2 channels are the major functional subtype of SK channels in the mouse urinary Tissue at 1.5 cm from the UPJ region, containing the UPJ, was resected from control and UPJ obstruction cases. In UPJ controls, we first identified the site where the funnel-shaped renal pelvis became continuous with the ureter and resected 1.5 cm of the UPJ. In UPJ obstruction cases, the junction was easier to identify because of the abrupt luminal narrowing of the pelvis, and 1.5 cm of UPJ was obtained. Specimens were either snap-frozen in liquid nitrogen or stored at − 80˚C for RNA and protein extraction, or were embedded in OCT Mounting Compound (VWR International, Leuven, Belgium) and stored at − 80˚C for immunofluorescence staining and confocal microscopy.
Immunofluorescence Staining and Confocal Microscopy
Frozen blocks of three UPJ obstruction and three UPJ control samples were sectioned transversely at a thickness of 10 μm, mounted on SuperFrost Plus slides (VWR International), and were fixed with 10% buffered formalin for 5 min. Sections underwent cell membrane permeabilization with 1% Triton X-100 for 20 min at room temperature. After blocking with 10% bovine serum albumin (Sigma-Aldrich, Arklow, Ireland) for 30 min to avoid nonspecific absorption, the sections were incubated overnight at 4˚C with a mixture of primary antibodies diluted in phosphate-buffered saline with 1% bovine serum albumin. Information on primary antibody sources and concentrations is shown in Table 1 . The sections were then washed in phosphate-buffered saline+0.05% Tween and incubated with corresponding secondary antibodies or Phalloidin for 1 h at room temperature. Information on secondary antibody sources and concentrations is shown in Table 1 . After washing, the sections were counterstained with a 4′,6-diamidino-2-phenylindole antibody (10236276001, dilution 1:1,000, Roche Diagnostics, Mannheim, Germany) for 10 min, washed, mounted, and coverslipped with Fluorescent Mounting Medium (DAKO, Glostrup, Denmark). All sections were independently evaluated by two investigators with a LSM 700 confocal microscope (Carl Zeiss MicroImaging, Jena, Germany).
Western Blot
A total of nine obstructed UPJ and nine control UPJ specimens were homogenized in RIPA buffer (Radio Immunoprecipitation Assay buffer from Sigma-Aldrich) containing 1% protease inhibitor cocktail (Sigma-Aldrich). Protein concentrations were determined using a Bradford assay (Sigma-Aldrich). A total volume of 20 μl Laemmli sample buffer (Sigma-Aldrich) containing 10 μg of protein was loaded into 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (NuPAGE Novex Bis-Tris gels, Invitrogen, Cramlington, UK) for electrophoretic separation. Electrophoresis was performed in MES sodium dodecyl sulfate running buffer (Invitrogen, UK). Proteins were then transferred to 0.45 μm nitrocellulose membrane (Merck Millipore, Billerica, MA) by western blotting. Following western blot analysis, the membranes were blocked in 3% bovine serum albumin-0.05% Tween for 30 min before antibody detection. Primary antibodies against c-kit, PDGFRα, SK2, SK3, and pan-neuronal marker protein gene product 9.5 (PGP9.5) were used and incubation was performed overnight at 4°C. Following extensive washing (four times in phosphate-buffered saline -0.05% Tween) the membranes were incubated with the appropriate secondary antibodies followed by washing. Information on primary and secondary antibody sources and concentrations is shown in Table 1 . Detection was performed with the PIERCE chemiluminescence kit (Thermo Fisher Scientific, Dublin, Ireland). We used ß-actin (Anti-beta actin antibody, ab8227, dilution 1:5,000, Abcam, Cambridge, UK) as an additional loading control. Band density was quantified by digital densitometry using the image-analysis software ImageJ (NIH, Bethesda, MD). Band intensity was normalized to that of β-actin.
RNA Isolation
Total RNA was isolated using the Qiagen miRNeasy Mini Kit (Qiagen, Manchester, UK) according to the manufacturer's protocol. Spectrophotometrical quantification of total RNA was performed (NanoDrop ND-1000 UV-Vis Spectrophotometer) and the RNA was stored at − 80˚C.
cDNA Synthesis and Quantitative Polymerase Chain Reaction Reverse transcription of total RNA was carried out at 85˚C for 3 min (denaturation), at 44˚C for 60 min (annealing), and at 92˚C for Table 2 . After 5 min of initial denaturation at 95˚C, 45 cycles of amplification for each primer were carried out. Each cycle included denaturation at 95˚C for 10 s, annealing at 60˚C for 15 s, and elongation at 72˚C for 10 s. The relative changes in expression levels of PDGFRα, PGP9.5, SK2, and SK3 were normalized against the levels of GAPDH gene expression in each sample (ΔΔC T method). Experiments were carried out in triplicate for each sample and primer.
Statistical Analysis
Numerical data are shown as mean ± SEM. The statistical significance of difference in gene expression levels between UPJ obstruction and controls was determined by Student's t-test or Mann-Whitney U-test, depending on the distribution of the data. A P value of o0.05 was considered statistically significant.
RESULTS

Confocal Immunofluorescence
Distribution of PDGFRα + cells. The distribution of PDGFRα + cells was examined on cryostat sections of the human UPJ using confocal microscopy. PDGFRα + cells were widely distributed and had spindle-shaped or stellate-shaped morphology (Figure 1) . These cells formed discrete networks and were observed in the lamina propria and throughout the inner longitudinal and outer circular muscle layers of the human UPJ. The distribution of PDGFRα + cells in UPJ obstruction samples and UPJ control samples was similar (data not shown).
Relationship to IC-LCs, SMCs, and nerve cells. To assess whether PDGFRα + cells were structurally associated with SMCs, UPJ samples were double-labeled with a PDGFRα antibody and phalloidin, which labels filamentous actin. PDGFRα + cells were located close to phalloidin-positive SMCs, but were distinct from SMCs ( Figure 2) . PDGFRα + cells surrounded phalloidinpositive smooth muscle bundles.
C-kit is widely used to label IC-LCs in the upper urinary tract. We, therefore, performed double-labeling immunohistochemistry to examine whether c-kit-positive cells were colocalized with PDGFRα + cells. PDGFRα + cells were found to be adjacent to, but distinct from c-kit-positive IC-LCs ( Figure 2) . IC-LCs were markedly reduced in UPJ obstruction compared with controls.
In order to determine whether PDGFRα + cells were closely associated with nerve cells, we performed double-labeling immunohistochemistry using a PDGFRα antibody and PGP9.5. PDGFRα + cells were observed to be in close proximity to PGP9.5-positive nerve cells (Figure 2 ). In addition, in UPJ obstruction, PGP9.5-positive nerve cells were markedly reduced compared with UPJ controls.
Expression of SK2 and SK3. We then assessed the expression of SK channels in PDGFRα + cells and SMCs. Double-labeling immunohistochemistry using SK2, SK3, PDGFRα, and Phalloidin antibodies was performed. Confocal-immunofluorescence-double staining revealed strong SK3 expression within a subset of PDGFRα + cells (Figure 3) . Furthermore, SK3 expression in PDGFRα + cells of the human UPJ was decreased in UPJ-obstructed specimens when compared with controls. Confocal-immunofluorescencedouble staining also showed that SK2 was expressed in SMCs, but not in PDGFRα + cells. There was an increased SK2 immunoreactivity in SMCs in UPJ obstruction when compared with controls ( Figure 4) .
Western Blot
To further consolidate the immunofluorescence results, we investigated protein expression levels using western blot analysis, which revealed expression of PDGFRα, PGP9.5, SK2, and SK3 in the human UPJ ( Figure 5 ). PDGFRα protein expression levels in UPJ obstruction were not different from controls. Western blotting confirmed decreased protein expression levels of PGP9.5 and SK3 and increased protein expression levels of SK2 in UPJ obstruction when compared with controls ( Figure 5 ).
Relative mRNA Expression Levels
To support the western blot results, we performed RT-PCR to detect the relative mRNA expression levels of PDGFRα, Articles | Hunziker et al.
PGP9.5, SK2
, and SK3 channels. RT-PCR revealed the mRNA transcripts for all targets. There was no significant difference between UPJ obstruction and controls in the relative mRNA expression level of PDGFRα. The relative mRNA expression levels of PGP9.5 and SK3 were significantly decreased in UPJ obstruction, whereas SK2 gene expression levels were significantly increased compared with controls ( Figure 5 ). (12), human, and guinea pig urinary bladders (11) .
DISCUSSION
Our findings indicate the presence of PDGFRα + cells in the human UPJ. RT-PCR and western blot confirmed the expression levels of the PDGFRα gene and protein, respectively. Our immunohistochemical studies showed that: (i) PDGFRα + cells had spindle-shaped morphology and were distributed throughout the UPJ wall, including the lamina propria and smooth muscle layers, forming a network; (ii) PDGFRα + cells were located between SMCs and were surrounded with smooth muscle bundles; Relative density SK2 /β-actin UPJ obstruction Figure 5 . Relative mRNA expression levels and western blot. Relative mRNA expression levels, western blot, and densitometry of PDGFRα (a1, a2, a3), PGP9.5 (b1, b2, b3), SK3 (c1, c2, c3), and SK2 (d1, d2, d3). Relative mRNA expression levels of PDGFRα were similar between UPJ controls and UPJ obstruction (a1; P = 0.566). Densitometry analysis (a2) of western blots (a3) showed no difference in protein expression levels of PDGFRα in UPJ obstruction compared with controls. Relative mRNA expression levels of PGP9.5 were significantly decreased in UPJ obstruction compared with controls (b1; Po0.001). Densitometry analysis (b2) of western blots (b3) showed a semiquantitative decrease in protein levels of PGP9.5 in UPJ obstruction compared with controls. Relative mRNA expression levels of SK3 were significantly decreased in UPJ obstruction compared with controls (c1; P = 0.016). Densitometry analysis (c2) of western blots (c3) showed a semiquantitative decrease in protein levels of SK3 in UPJ obstruction compared with those in controls. Relative mRNA expression levels of SK2 were significantly increased in UPJ obstruction compared with controls (d1; P = 0.017). Densitometry analysis (d2) of western blots (d3) showed a semi-quantitative increase in protein levels of SK2 in UPJ obstruction compared with controls. Results are presented as mean ± SEM (*P ≤ 0.05, **P ≤ 0.005). PDGFRα, platelet-derived growth factor receptor α; PGP9.5, pan-neuronal marker protein gene product 9.5; UPJ, ureteropelvic junction.
were closely associated with, but were distinct from c-kitpositive IC-LCs; (iv) PDGFRα + cells were in close proximity to PGP9.5-positive nerve fibers; and (v) PDGFRα + cells expressed SK3 channels (17) .
The neuronal network in UPJ has been described in previous studies (4, 11) . We confirmed our previous finding of a decreased PGP9.5 mRNA transcript (3), and now also found decreased PGP9.5 protein expression levels in UPJ obstruction compared with controls. Defective innervation has previously been suggested to have an important role in the pathogenesis of UPJ obstruction (3, 18) .
The main aim of our study was to investigate whether the PDGFRα antibody characterizes a novel population of interstitial cells in the upper urinary tract, and whether these interstitial cells are different from c-kit-positive IC-LCs. Our findings confirm that PDGFRα + cells represent a new class of interstitial cells in the upper urinary tract. Interstitial cells in the upper urinary tract can, therefore, be divided into at least two groups: (i) C-kit-positive interstitial cells (IC-LCs) and (ii) PDGFRα + interstitial cells. Our findings are similar to those reported in the gastrointestinal tract where ICCs and PDGFRα + cells represent two different cell types (9, 19) .
The close proximity of PDGFRα + cells and ICCs to SMCs is well known in the gastrointestinal tract where all three cell types-(i) SMCs, (ii) ICCs, and (iii) PDGFRα + cells form the SMCs-ICCs-PDGFRα+ cell (SIP) syncytium (9) . In the gastrointestinal tract, ICCs can generate spontaneous electrical activity. Spontaneous electrical activity conducts to SMCs and drives electrical slow waves and phasic contractions. Contractile behavior is modulated by ICCs and PDGFRα + cells as these cells are able to conduct neural inputs to SMCs (9) .
In the upper urinary tract, IC-LCs are thought to have a crucial role in facilitating pyeloureteric peristalsis (2) . Studies have shown that IC-LCs are responsible for producing and coordinating ureteropelvic peristaltic movements at the intercalyceal area to promote the passage of urine from the renal pelvis through the ureter to the bladder (2). IC-LCs, which are located between neurons, atypical SMCs, and SMCs, are responsible for the amplification and conduction of slow wave electrical potentials for peristaltic movements (2). However, atypical SMCs have been argued to be more directly involved in generating the membrane potential fluctuations underlying pacemaking (2, 20) .
Potassium channels have been well explored in the upper urinary tract in the guinea pig (21) . Several types of K + channels are thought to participate in the regulation of smooth muscle excitability in the urinary tract. Two families of Ca 2+ -activated K + conductances have been characterized in bladder SMCs: large-conductance (BK) and SK channels (13) . SK channels are a family of three subtypes, SK1-SK3. SK channels are insensitive to the changes in the membrane potential and are exclusively activated by rises of the intracellular Ca 2+ (ref. 22) . The activation of SK channels results in K + efflux causing hyperpolarization of muscles and muscle relaxation (14) . It has furthermore been shown that SK channels have an important role in shaping and regulating the frequency of urinary bladder smooth muscle action potentials, thereby modulating contractility (15) . In the guinea pig upper urinary tract, SK channels are involved in the repolarization of action potentials (21) . In addition, it has been shown that a positive modulation of SK channels can lower blood pressure in animal models of hypertension. Thus, SK channels have been demonstrated as potent therapeutic targets for the treatment of hypertension (23) . However, to our knowledge, no study has thoroughly investigated the effects of potential SK channel therapeutics in the upper urinary tract. Our study was able to demonstrate the expression of the SK3 channel protein in PDGFRα + cells of the UPJ. Our findings are in line with previous studies of the human and murine gastrointestinal tract (14, 24) and murine bladder (13) (25) . Collectively, inhibitory neurotransmission in the bladder is mediated via purinergic mechanisms through PDGFRα + interstitial cells (25) . Although our study showed that the overall expression of PDGFRα + cells was not altered in UPJ obstruction compared with controls, SK3 was decreased in PDGFRα + cells in UPJ obstruction. Furthermore, SK3 mRNA transcripts and protein expression levels were decreased in the obstructed segment in UPJ obstruction. Blockade of SK 3 channels has been shown to depolarize the membrane potential of PDGFR cells and to increase the tension of the neighboring interconnected smooth muscle cells (26) . Similarly, a decrease in SK3 channels in UPJ obstruction could lead to increased contractility of smooth muscle cells resulting in impaired peristalsis.
SK2 channels, on the other hand, were not expressed in PDGFRα + cells, but were found in SMCs. Similarly, Thorneloe et al. (15) demonstrated the expression of SK2 in urinary bladder smooth muscle. We also found expression of SK2 in SMCs as well as increased SK2 mRNA transcripts and overall SK2 protein expression levels in UPJ obstruction compared with controls. Thorneloe et al. (15) showed that SK2 was the essential functional subtype of SK channels in mouse urinary bladder SMCs. Selective blockade of SK2 channels increased contractility indicating an inhibitory role of SK2 for smooth muscle functioning (15) . Collectively, the increased SK2 expression in UPJ obstruction suggests that SK2 channels could have a role in the disturbance of coordinated contraction of SMCs, which may cause impaired peristalsis in intrinsic UPJ obstruction. It is, however, not clear whether developmental abnormalities of SK channels have a primary or secondary role in congenital UPJ obstruction.
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A limitation of the study is the use of the UPJ of patients who have Wilm's tumor as a control group, which could potentially affect the results. Because it is difficult to find normal UPJ tissue in an adequate number of children as a control group, we believe that Wilm's tumor is the main, if not the only option, to obtain the unaffected UPJ for the analysis in the control group.
In conclusion, our study describes, for the first time, the presence and distribution of PDGFRα + cells that form a discrete network in the human UPJ. PDGFRα + cells, IC-LCs, and SMCs might form a syncytium in the upper urinary tract that may have an important role in motor neurotransmission and peristaltic contraction mechanisms. Further investigation of this novel class of interstitial cells in the upper urinary tract will provide new insights into the pathophysiology of UPJ obstruction.
